Abstract 2-chloroethyl ethyl sulfide (CEES) is a vesicant agent, commonly referred to half mustard due to its ability to form monofunctional adducts with DNA. In this study, we evaluated the chemoprotective potential of 13 compounds and their mixtures with sodium 2-mercaptoethanesulfonate (MESNA) against CEES-induced geno-and cytotoxicity in human lung cell line A-549. MESNA, L-glutathione (GSH), thiourea, sodium thiosulfate, hexamethylenetetramine, 4-acetamidophenol, asoxime dichloride (HI-6), N-acetyl-L-cysteine (NAC), sodium pyruvate, myo-inositol, 3-aminobenzamide (3-AB), nicotinamide, and N ω -nitro-L-arginine methyl ester hydrochloride and combinations of these compounds with MESNA were applied 30 min before CEES. DNA alkylation was measured using modified comet assay 1 and 24 h after the exposure. Cell viability was determined using MTT assay at 24 and 72 h. The mono-therapeutical approach identified MESNA and GSH to provide significant chemoprotection. NAC and 3-AB supported DNA damage repair, while cell viability remained unaffected. Mixtures of GSH or NAC with MESNA showed protective synergism against DNA damage. Other compounds or their combinations with MESNA failed due to the potentiation of CEES-induced cytotoxicity. The chemoprotection against CEES remains limited; however, the combination of substances can provide protective synergy and may represent a promising strategy in the treatment of accidental exposure to monoalkylating agents.
Introduction
2-chloroethyl ethyl sulfide (CEES) is a vesicant agent frequently used in research to simulate sulfur mustard (SM) poisoning. Unlike SM, the substance is less toxic but commercially available. CEES induces DNA damage in the form of monofunctional adducts, which is in contrast to SM, a bifunctional alkylating agent capable of forming DNA-DNA crosslinks (Abel et al., 2011; Gould et al., 2009; Kehe et al., 2013) . This difference significantly limits their interchangeability and toxic properties (Sawyer et al., 2017) . Table 1 summarizes physico-chemical properties of both substances. In this context, CEES remains an important accessible model molecule for both understanding the DNA alkylation mechanisms and SM-countermeasure research Tewari-Singh et al., 2014) . Thirteen substances were chosen for testing their chemoprotective potential against CEES-induced cell injury. The substances were classified into 5 groups according to their structure and/or properties ( Table 2 ). The first group includes sodium 2-mercaptoethanesulfonate (MESNA), L-glutathione (GSH), thiourea (TU), and sodium thiosulfate (STS), i.e. the compounds containing nucleophilic sulfur with the potential to scavenge CEES as well as reactive oxygen species, which has been associated with CEES toxicity Maher, 2017; Ravindran et al., 2017; Srivastava et al., 2011; Yiannakopoulou et al., 2012) . The second group comprises hexamethylenetetramine (HMT), 4-acetamidophenol (4-AAP) and asoxime dichloride (HI-6), all with nucleophilic nitrogen as a potential target atom. The third group is represented by antioxidants such as N-acetyl-L-cysteine (NAC), sodium pyruvate (PYR) and myo-inositol (MI) (Hara et al., 2017; Kładna et al., 2015; Palmieri et al., 2016) . The fourth group consists of 3-aminobenzamide (3-AB) and nicotinamide (NAm). Both are poly-(ADP-ribose) polymerase (PARP) inhibitors (Guzyk et al., 2016) . PARP is activated in the presence of CEES-induced damage and initiates repair process via NAD + dependent ADP-ribosylation, depleting cellular NAD + pool (Debiak et al., 2016) . This mechanism has been postulated to be responsible for necrotic cell death after exposure to vesicant agents (Kehe et al., 2008) . Finally, the fifth group contains N ω -nitro-L-arginine methyl ester hydrochloride (L-NAME), a nitric oxide synthase inhibitor. Generation of nitric oxide activates apoptosis and inflammatory signals after CEES challenge (Sagar et al., 2017) .
Our aim was to evaluate the protective effect of abovementioned compounds against DNA damage using modified comet assay (Jost et al., 2015) 1 and 24 h after exposure to 500 µM CEES and against CEES-induced cytotoxicity assessed by MTT assay at 24 and 72 h. Additionally, mixtures with MESNA were tested to examine possible protective synergy. In vitro model of human lung adenocarcinoma cell line A-549 was utilized in order to mimic the injury of lung epithelial cells as a possible route of poisoning from blistering agents (Balali-Mood and Hefazi, 2006) . Despite A-549 cell line has cancer origin and does not fully reflect primary lung cells, due to CEES's non-specific course of action, the model is sufficient to assess the chemoprotective effect of the tested substances in vitro. a Substances were divided into 5 groups according to their structure and/or properties: 1) compounds containing sulfur or SH-group; 2) substances containing nitrogen; 3) antioxidants; 4) poly-(ADP-ribose) polymerase inhibitors; 5) nitric oxide synthase inhibitor. b Maximal cell-tolerated concentrations of tested substances obtained from dose-response experiments on the A-549 cell treated for 72 h.
Cell viability was determined by MTT assay (see methods). c Composition of MESNA-containing mixtures. The numbers represent final concentrations of each component. Mixture-treated A-549 cells (without CEES) did not influence cell viability measured by MTT assay (Jost et al., 2017) . 
Materials and methods

Cell and cell culture
Experimental design
A-549 cells were first treated with CEES at a concentration of 62.5, 125, 250, and 500 µM in order to determine the dose-response relationship to DNA damage and cell viability. The DNA damage was measured at 1 and 24 h and cell viability were assessed in the 24 and 72 h interval. The concentration of 500 µM was selected as optimal for further testing by both assays.
A-549 cells were pretreated with tested compounds (dissolved in culture medium) or their mixtures with MESNA at final concentrations (see Table 1 ) for 30 min. These concentrations represent the highest concentrations, which do not reduce the viability of A-549 cells measured by MTT assay during 72 h interval (Jost et al., 2017) . The control cells were incubated with culture medium only. Subsequently, CEES was added to the final concentration of 500 µM. The cells were further incubated until DNA damage was measured at 1 and 24 h. Cell viability assessment was done in the 24 and 72 h interval after CEES treatment.
DNA alkylation damage detection
CEES-induced DNA damage was quantified by a modified alkaline single cell gel electrophoresis (comet assay). This method is suitable for the measurement of single-strand DNA breaks. However, CEES-DNA adducts are relatively alkali-stable and cannot be analyzed directly. By incorporating an extra step, in which the DNA is digested by lesion-specific enzyme 3-methyladenine DNA glycosylase II (AlkA), additional breaks are formed. The presence of a specific substrate for the AlkA increases the amount of DNA breaks in comparison with the base level (Collins et al., 2001) .
Cells (2 × 10 5 ) were plated into a 40 mm diameter Petri dish and left to attach overnight. The alkaline comet assay was performed according to (Collins et al., 2001 ) with few modifications. After the treatment, the medium was aspirated. Cells were washed with ice-cold phosphate-buffered saline (PBS) and trypsinized (0.25% trypsin with 0.02% EDTA 4Na; Sigma-Aldrich). 35 µl of cell suspension in PBS (Sigma-Aldrich) was mixed with 1% low melting point agarose (Serva Electrophoresis GmbH, Heidelberg, Germany) at 37 °C to a final concentration of 24 × 10 4 cells/ml and 85 µl of this suspension was pipetted onto slides pre-coated with high-melting-point agarose (Serva Electrophoresis GmbH). Slides were allowed to solidify at 4 °C on the cooling plate.
The slides with gels were placed into a freshly prepared lysis buffer (pH 10, 4 °C; 100 mM EDTA, 2.5 M NaCl, 10 mM Tris [all from Penta, Prague, Czech Republic], and 1% Triton X-100; Serva Electrophoresis GmbH) for 1 hour. After the lysis, the slides were rinsed in AlkA buffer (pH 8.0; 40 mM Hepes, 0.2 mg/ml bovine serum albumin [both from Sigma-Aldrich] and 0.5 mM EDTA prepared according to Collins et al., 2001) three times for 5 min. The enzyme 3-methyladenine DNA glycosylase II (EC 3.2.2.21; AlkA; kindly provided by Dr. Angelis, Institute of Experimental Botany, Academy of Sciences of the Czech Republic, Prague, Czech Republic) at an original concentration of 0.4 mg/ml was diluted 1000× and dosed at 35 µl directly onto the gel, which was then covered with a coverslip. Cell slides were incubated in a humidity chamber at 37 °C for 45 min. After the incubation, coverslips were removed and slides were transferred into a horizontal electrophoresis chamber and incubated in electrophoresis buffer (pH ≥ 13; 300 mM NaOH, 1 mM EDTA; both from Penta) at 4 °C for 40 min for alkali DNA unwinding.
Electrophoresis was performed in the same buffer at 25 V and 300 mA (0.75 V/cm) at 4 °C for 30 min. After the process, the slides were rinsed with neutralization buffer (pH 7.5; 0.4 M Tris; Penta) three times for 5 min and washed with distilled water. The slides were then air-dried at room temperature and stored in the dark until the image analysis (maximally two weeks).
Before image analysis, the slides were rehydrated in deionized water and stained with 20 µl of ethidium bromide (20 µg/ ml; Sigma-Aldrich). Nikon epifluorescence microscope with a mercury light source and LUCIA® comet assay software (Laboratory Imaging, Ltd., Prague, Czech Republic) were used for the analysis. The evaluation was blinded by independent coding. Fifty cells were randomly selected per slide and %tail DNA, which increases proportionally with the presence of alkyl-DNA adducts, was measured by the image analysis software. The resulting value of %tail DNA was calculated as the mean ± standard deviation from three independent measurements.
Cell viability assay
Cell viability was measured by reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich). Living cells are able to reduce yellow MTT tetrazolium salt to purple crystals of formazan (Mosmann, 1983) . Cells were seeded in a 96-well plate (4 or 8 × 10 3 cells per well for 72 and 24 h interval, respectively) and incubated at 37 °C in a 5% CO 2 incubator (Binder, Tuttlingen, Germany) overnight. After the treatment with serially diluted CEES or with protective compounds and CEES, the medium was aspirated and replaced by fresh medium containing 1/10 MTT stock solution (5 mg/ml) in each well. The plate was incubated at 37 °C in a CO 2 incubator for 90 min. Subsequently, the medium was aspirated and formazan crystals dissolved in 100 µl dimethyl sulfoxide (DMSO; Sigma-Aldrich). The plate was shaken and the optical density of each well was measured on a Synergy 2 Multi-Mode Microplate Reader (BioTek Instruments, Inc., VT, USA) at 570 nm. Cell viability was expressed as a percentage of the untreated control. Each measurement was performed in triplicate in three independent experiments.
Data analysis
Statistical analysis was performed in GraphPad Prism version 5.04 for Windows (GraphPad Software, San Diego, CA, USA) using one-way analysis of variance (ANOVA) and Dunnett's Multiple Comparison Test to evaluate significant differences. The level of significance was set at α = 0.05. Experimental data are shown as mean ± standard deviation calculated from three independent experiments.
The data for CEES (positive control) represents the mean value from all experiments (black columns in Figs 2-6). Results from single experiments were very similar and differed less than ± 10%. Before pooling the data, we analysed the results by nonparametric Kruskal-Wallis test, showing no differences among groups.
Results
The effect of CEES on DNA damage and cell viability is in Fig. 1 . %tail DNA significantly increased by 28.5%, 44.7%, 77.6%, and 98.0% at 1 h and by 6.5%, 31.5%, 66.6%, and 89.6% 24 h after CEES treatment at concentrations of 62.5, 125, 250, and 500 µM, respectively. Cell viability was significantly decreased by 98.1%, 85.1% and 83.0% in the 24 h interval and by 83.1%, 79.5% and 74.4% 72 h after CEES treatment at concentrations of 125, 250 and 500 µM, respectively. Results of the first group of tested substances containing sulfur or SH-group as a target for CEES are shown in Fig. 2 .
MESNA significantly reduced %tail DNA by 31% and increased cell viability by 8% 24 h after CEES administration.
GSH decreased %tail DNA by 21% in the 24 h interval. It was the only compound increasing cell viability in both time intervals (by 4% and 10% at 24 and 72 h, respectively). In combination with MESNA, %tail DNA decreased by 6% in the 1 h interval and by 48% in the 24 h interval. Cell viability was not affected by the mixture.
TU significantly reduced %tail DNA by 12% 24 h after CEES treatment. On the other hand, cell viability was 7% and 33% lower than in positive control in the 24 and 72 h interval, respectively. When mixed with MESNA, it caused 8% reduction of %tail DNA 24 h after CEES administration. Cell viability decreased by 42% and 91% at 24 and 72 h, respectively. STS decreased %tail DNA by 54% 24 h after CEES exposure and cell viability by 31% and 73% at 24 and 72 h, respectively. In combination with MESNA, %tail DNA was reduced by 8% in the 1 h interval and by 57% in the 24 h interval. Cell viability decreased only at 72 h (by 20%).
Results of the second group of tested compounds are in Fig. 3 . HMT significantly reduced %tail DNA by 79% 24 h after CEES treatment. However, this was accompanied by a decrease in cell viability in both time intervals (by 61% and 94% at 24 and 72 h, respectively). Similar results were found when mixed with MESNA. DNA damage expressed by %tail DNA decreased by 30% in the 24 h interval and cell viability was 11% and 56% lower than in positive control at 24 and 72 h, respectively. 4-AAP did not affect %tail DNA. Cell viability decreased only in the 72 h interval (by 7%). Similarly, in combination with MESNA, no change in %tail DNA was measured and cell viability was reduced by 8% 72 h after CEES treatment.
HI-6 caused a 12% decrease in %tail DNA in the 24 h interval. Cell viability decreased by 13% and 15% at 24 and 72 h, respectively. In mixture with MESNA, %tail DNA was reduced by 23% 24 h after CEES treatment and cell viability was 15% lower than in positive control in both time intervals.
Results of the third group of tested substances are depicted in Fig. 4 . NAC caused 33% decrease in %tail DNA 24 h after CEES treatment. Cell viability was not affected by this compound. When administered with MESNA, %tail DNA decreased by 18% and 46% at 1 and 24 h, respectively. No significant change in cell viability was measured.
MI caused 14% decrease in %tail DNA in the 24 h interval and 8% and 14% decrease in cell viability 24 and 72 h after CEES treatment, respectively. In combination with MESNA, reduction of %tail DNA in the 24 h interval was more profound (by 36%), whereas cell viability was not influenced.
PYR did not protect against DNA damage. Moreover, cell viability was 8% lower than in positive control at both time intervals. When used with MESNA, %tail DNA decreased by 22% 24 h after CEES treatment, while cell viability was reduced by 8% at 72 h. 
Discussion
In the present study, we tested the chemoprotective effect of 13 compounds and 12 mixtures against CEES-induced damage. Based on the dose-response experiments, the final concentration of CEES was set to 500 µM. At this concentration, %tail DNA reached nearly 100%. Therefore, the utilization of higher concentrations might affect the results due to the saturation effect. The solubility of CEES is also another limiting factor. At a concentration of 1000 µM (data not shown), the emulsion formed in culture media.
Defence against CEES remains limited (Table 3) . MESNA and GSH were the only substances providing weak cytoprotection. MESNA is known to reduce the toxicity of alkylating agents during chemotherapy, including cyclofosfamide or ifosfamide (Matz and Hsieh, 2017) . Its efficiency against CEES has not yet been documented. GSH, on the other hand, was demonstrated to decrease CEES-induced damage in vitro as well as in vivo (Han et al., 2004; McClintock et al., 2002; Sagar et al., 2014) . According to our results, both compounds did not prevent initial DNA damage. It indicates that their scavenging of CEES and/or ROS generated during the first hour is not very effective and thus, not responsible for their cytoprotection. However, they reduced DNA alkylation in the 24 h interval, suggesting that both support DNA repair during 1-24 h interval. The mechanism of this action remains unknown. We may only assume that MESNA and GSH decrease the extent of ROS produced in the 1-24 period, creating a more permissive cellular environment to repair DNA adducts. The mixture of GSH and MESNA did not affect cell viability. Nonetheless, it represented 1 of 3 combinations decreasing %tail DNA 1 h after CEES administration, which was even more pronounced at 24 h. This effect may find its clinical use. Due to the relation of DNA damage response pathways to immune system activation, such mixtures might mitigate indirect inflammation-mediated tissue damage associated with CEES exposure (Jain et al., 2011; Nakad and Schumacher, 2016) .
TU is a powerful scavenger of hydroxyl radicals (Wasil et al., 1987) . We demonstrated TU to counteract SM-induced genotoxicity and cytotoxicity in our previous study (Jost et al., 2017) . On this basis, we utilized the compound against CEES. According to our data, TU reduced the extent of DNA damage but it also negatively affected cell viability, implying TU not to be a universal antidote for blistering agents. Interestingly, its toxicity was further increased when combined with MESNA. Since we did not observe any potentiation of genoprotection it seems that TU and MESNA react with each other. Considering that the mixture was not found cytotoxic, toxic products are probably formed during reaction with CEES. Such a byproduct could be isothiouronium ion (Institute of Medicine /US/ Committee on the Survey of the Health Effects of Mustard Gas and Lewisite, 1993) . This biologically active compound causes inhibition of protein kinase C regulating metabolism, growth and cell death (Ferreira et al., 2017) .
STS is utilized in patients receiving mechlorethamine (nitrogen mustard) chemotherapy in case of extravasal administration. STS neutralizes mechlorethamine to form nontoxic thioesters (Schulmeister, 2008) . Balali-Mood and Hefazi (2006) also proposed STS as an antidote for SM poisoning. However, scavenging potential of STS towards CEES has not yet been tested. We found that STS most efficiently reduced CEES-induced DNA damage but, equivalently to TU, it had a negative impact on cell viability. Thus, even if STS produced a very high genoprotection, the result could be affected by the Results of the fourth group of tested substances are depicted in Fig. 5 . 3-AB and its mixture with MESNA significantly reduced %tail DNA by 6% and 31% 24 h after CEES treatment, respectively. Cell viability was unaffected in both groups.
The second inhibitor NAm did not protect against CEES-induced DNA damage and decreased cell viability by 18% in the 72 h interval. In combination with MESNA, 15% reduction in both %tail DNA at 24 h and cell viability at 72 h was found.
Results of the fifth group containing a nitric oxide synthase inhibitor are shown in Fig. 6 . L-NAME did not affect CEES-induced DNA damage and decreased cell viability in both time intervals (by 12% and 22% at 24 and 72 h, respectively) . Its combination with MESNA reduced %tail DNA by 27% 24 after incubation with CEES; however, cell viability remained decreased in both time intervals (by 14% and 13% at 24 and 72 h, respectively). apoptotic or necrotic selection of damaged cells. Moreover, loss of cells during the early phase of poisoning may significantly aggravate tissue damage excluding STS from being a universal blistering agent antidote. The combination of STS and MESNA was 1 of 3 mixtures decreasing %tail DNA 1 h after CEES exposure. But again, it reduced cell survival at 72 h. Compared with STS used solely, MESNA mitigated the adverse effect of products resulting from STS and CEES interaction.
HMT, 4-AAP and HI-6 are available for human use. HMT is used in the treatment of urinary tract infection. It has been reported as an SM protectant in several studies (Andrew and Lindsay, 1998; Lindsay and Hambrook, 1997) . 4-AAP is a selective cyclooxygenase-2 inhibitor indicated to alleviate fever and pain (Graham and Scott, 2005) , whereas HI-6 is a bis-pyridinium oxime primarily developed as an antidote for nerve agents (Kuča et al., 2009) . None of them appears to be a perspective countermeasure against CEES poisoning. In our in vitro model, HMT significantly potentiated CEES toxicity. MESNA reduced this outcome but this combination in itself did not bring any benefit compared to sole administration of MESNA. 4-AAP did not show any protective effects against CEES. In addition, it decreased genoprotection and cytoprotection provided by MESNA, which suggests that both compounds react with each other. From the clinical point of view, if MESNA is utilized as a CEES countermeasure, the timing of 4-AAP therapy to mitigate pain and itching would be essential in order to avoid undesirable drug interactions (Balali-Mood and Hefazi, 2006) . Finally, HI-6 showed only weak genoprotection accompanied by loss of cell viability. It also negatively affected the activity of MESNA against CEES in the mixture. Thus, application of this combination against CEES or as a countermeasure to both nerve and blistering agents does not seem advisable. In contrast to the previous group of tested compounds, NAC, a powerful antioxidant, appears very perspective. NAC is used to counteract acetaminophen and carbon monoxide poisoning (Flanagan and Meredith, 1991) . It has been documented to reduce CEES toxicity (Paromov et al., 2008; Rappeneau et al., 2000) , which is in accordance with our results. NAC most effectively decreased %tail DNA at 24 h when administered solely and at 1 h when combined with MESNA. It is also noteworthy that there is no significant difference between NAC-MESNA and GSH-MESNA groups 24 h after CEES treatment. Additionally, if we subtract 1 h from 24 h data in NAC-MESNA group, the extent of DNA damage corresponds to what we measured in NAC-pretreated cells in the same interval. Both findings imply that mechanism(s) supporting repair of CEES-DNA adducts during 1-24 h interval got saturated and further DNA protection might be possible only by active scavenging of CEES, reducing initial DNA damage.
MI and PYR are antioxidants. MI is a cyclic polyol and a component of phospholipid membranes. The molecule supports cell growth and survival (Croze and Soulage, 2013) . PYR is commonly added to cell culture media as an additional source of energy. Kładna et al. (2015) observed the antioxidant activity of PYR derivatives possibly reflecting a direct effect on ROS scavenging. Both substances have not yet been tested against CEES. Nevertheless, the results show that they potentiated its cytotoxicity. In the case of MI, MESNA mitigated this consequence but it did not bring any benefit over sole administration of MESNA.
3-AB and NAm have been demonstrated to prevent alkylation of DNA and cytotoxicity induced by SM in human lymphocytes in vitro (Meier and Johnson, 1992) . In our previous study, both molecules expressed genoprotection against SM in A-549 cells, having no effect on cell viability (Jost et al., 2017) . Regarding CEES, two different outcomes were observed. 3-AB was the only substance reducing DNA damage, whereas NAm aggravated CEES cytotoxicity. The mechanism, by which 3-AB supports DNA repair, remains unknown. Since both 3-AB and NAm are PARP inhibitors, we may only hypothesize that it does not involve this enzyme. The combination of 3-AB with MESNA significantly improved the level of DNA damage induced by CEES but again, it did not reveal any advantage when compared with MESNA treated cells.
Finally, L-NAME represents the last tested compound. It is an arginine analogue with the potential to prevent SM toxicity in primary cultures of chick embryo forebrain neurons. However, these effects were not associated with its nitric oxide synthase-inhibiting characteristics (Sawyer, 1999) . In our model, L-NAME did not show any protection against CEES.
Conclusions
In spite of CEES being considered less toxic than SM, it is still a powerful DNA alkylating agent. Our results show that it is difficult to prevent initial DNA damage induced by CEES using different compounds at maximal non-toxic concentrations in monotherapy. Significant chemoprotection was provided only by MESNA and GSH. NAC and 3-AB supported DNA repair but have no effect on cell viability. Other substances potentiated CEES-induced cytotoxicity and therefore, failed as perspective CEES countermeasures. The mixtures of GSH or NAC with MESNA significantly increased protection of DNA. This study demonstrates that a combination of different substances can provide protective synergy. However, adverse effects might occur as well. In vitro testing can reveal such outcomes and will help choose perspective mixtures. Their utilization could be a promising direction for future research in this field. Although in vitro screening cannot be fully transferred in vivo, it may help exclude compounds, which failed.
